We present a calculation of the antineutrino flux produced by the reactors at the Laguna Verde Nuclear Power Plant in México, based on the antineutrino spectra produced in the decay chains of the fission fragments of the main isotopes in the reactor core, and their fission rates, that have been calculated using the DRAGON simulation code. We also present an estimate of the number of expected events in a detector made of plastic scintillator with a mass of 1 ton, at 100 m from the reactor cores.
I. INTRODUCTION
In recent years, there has been significant progress in understanding the properties of neutrinos, most notably, since 2012 the results of the reactor neutrino experiments Daya Bay [1] , Reno and Double Chooz [2] have determined that the mixing angle θ 13 is nonzero with a high level of significance. The current degree of development of neutrino detection technology is close to making a reality to non-intrusively monitor the operational status, power level and fissile content of a nuclear reactor in real time using detectors placed at distances of a few tens of meters.
Monitoring nuclear reactors through its antineutrino flux is a complimentary and promising new tool for supervising the operations of nuclear plants, which are bound to operate according to protocols established by the International Atomic Energy Agency (IAEA). This agency is responsible for ensuring that nuclear reactors world wide operate legally, preventing the diversion of fissile material to activities which could lead to the manufacture of weapons.
Many research groups worldwide ( [3] - [8] ) have studied this application aiming at adding antineutrino detection to the techniques used to implement reactor safeguards. In a medium term plan (5 to 8 years) IAEA [9] has proposed that antineutrino detectors for safeguard applications should be able to provide information on the thermal power, fissile content and operational status of reactors while deployed aboveground in a compact volume to minimize its intrusiveness with the nuclear power plant operations. The SONGS1 experiment [3] using a Gd loaded liquid scintillator detector, deployed at 25 m from the reactor core of the San Onofre Nuclear Generation Station, successfully proved that the reactor ON/OFF cycle and the thermal power stability of a reactor can be measured using a compact and simple detector. PANDA [4] , lead by Tokyo University, used a segmented plastic scintillator detector with modules wrapped with Gd * fismarisol@gmail.com coated sheets in between. This type of detector makes it possible to use information of the event topology to tag antineutrino events and to discriminate them from backgrounds such as fast neutrons. Furthermore, it can be transported and operated easily inside a compact vehicle, and has the advantage that unlike the liquid scintillators, is non-flammable.
México has two nuclear fission reactors at the Laguna Verde Nuclear Power Plant (LVNPP), which operates commercially since 1990 (Unit 1) and 1995 (Unit 2). This is the only nuclear power plant in the country and generates about 5% of its total electric power production. In this work we calculate the antineutrino flux produced by these reactors and give some estimates of the number of events expected in a generic plastic scintillator detector located at a distance of 100 m from the reactor cores. Knowledge of the antineutrino flux produced by a particular reactor is an important step towards its monitoring using this method.
While abundant literature exists about the calculation of neutrino fluxes from pressurized water reactors (PWR) [10] , much fewer information is available about neutrino production at boiling water reactors (BWR) (See for example [11] ). These two reactor types operate under the same basic physical principles regarding nuclear fission, but differences in their operational procedures may effect differently the neutrino flux they produce, as well as its evolution along the reactor fuel cycle. This paper is organized as follows: in section II main technical data on the LVNPP and its reactors are detailed. In section III a description about the production of antineutrinos from nuclear reactors is given, and the calculation of antineutrino flux is presented. In Section IV parameters and characteristics of the DRAGON simulation code used to calculate fission rates of four major fissile isotopes for this paper are described. Section V shows the event rates or interactions that are expected to be observed with a 1 ton plastic scintillator detector placed at 100 meters from the LVNPP reactors. Finally, sectionVI presents the conclusions. The LVNPP is located in the municipality of Alto Lucero, Veracruz, México. This plant has two twin units, each equipped with a BWR-5 second generation reactor with a Mark II containment design, supplied by General Electric with a capacity of 2027 MWth, and net electrical output of 805 MWe. Both reactors operate with enriched uranium as fuel, and demineralized water as moderator and coolant. It is the only nuclear power plant in the country and generates about 5% of the total electric power production in México [12] .
Each nuclear reactor core can be approximately represented by a cylinder ∼4 m in height and 4 m in diameter containing 444 fuel assemblies and 109 control bars arranged as shown in Fig. 1 . A fuel assembly is a square prism with sides of ∼13 cm and 4 m in height, containing an array of fuel rods (configurations of 8x8, 10x10 or 12x12 have been either used or considered). Within a given fuel assembly some of the rods contain uranium oxide (UO 2 ) with various levels of enrichment, others contain a mixture of UO 2 with gadolinium oxide (Gd 2 O 3 ) at varying concentrations, and some of them are hollow in order to allow the flow of the refrigerant through them. Combining rods with different levels of enrichment and Gd 2 O 3 concentrations permits to adjust the properties of the medium for the production, absorption and diffusion of neutrons differently at various location across the core.
III. DRAGON SIMULATION OF THE REACTOR CORE
We used the numerical simulation code DRAGON [16] with the modifications described in [17] to implement a simulation for the LVNPP reactors and extract the time evolution of the fission rates (number of fissions per second) of each of the main fisile isotopes in the core. Several research groups worldwide have implemented this simulation for PWR reactors, aiming at the same objective [18] . The code solves the neutron transport equations of individual fuel assemblies, whose detailed composition is given as an input. The overall behaviour of neutrons across the core can be calculated by summing over the various types of assemblies that compose a given core configuration.
As described in section II, a geometry with 444 fuel assemblies with 3 different types of 235 U enrichment was considered. The initial fuel load that was assumed in this work is that shown in Fig. 1 . Note that in this model no assembly contains plutonium at the beginning of the operation cycle.
In Fig. 2 , we illustrate a single fuel assembly (in this case with a 10x10 rod configuration) corresponding to one with average enrichment of 1.76% (blue assembly). The dimensions of a single unit cell, (the place occupied by a single fuel rod) are shown in Fig. 3 . The three types of assembly (red, yellow and blue) share the same geometry, however, the composition the fuel rods within a given assembly is, in general, different. The number of assemblies of each type, N A is: N red = 68, N yellow = 280 and N blue = 96, totaling 444.
We considered eight different fuel rod compositions, labeled CX, with X = 0, 1, 2, 3, 4, 5, 6, G, and used them to construct the various assemblies with the desired 235 U enrichment and Gadolinium concentration. Only fuel rods of type G contain Gadolinium. Table II ). Notice that initially there are no fuel bars with Pu. Table III of fuel rods of each type that are used to build each of the three assemblies. As an example, Table II shows how we constructed the blue assembly. There is a total of 92 bars for each assembly. Table III lists the values used for the various parameters required by the simulation. Tests showed a small dependence of the fission rates on variations of the coolant, moderator and fuel temperatures, while maintaining the thermal power constant.
A simulation was run for each of the three types of assembly (red, blue or yellow in Fig. 1 ), providing the fission rates f (CX;A) i for each type of fuel rod, and for each one of the fissile isotopes i = 1, 2, 3, 4 ( 235 U, 238 U, 239 Pu and 241 Pu, respectively). To obtain the fission rates for a given assembly, f A i , we multiply the fission rate for each type of fuel rod times the number of rods of its type in the assembly, N rods , and sum over all fuel rod types in the assembly, i.e:
Finally, to calculate the fission rates of isotope i in the complete reactor core, f i (Fig. 4) , we multiply the number of assemblies of each type A, times the corresponding fission rates for that assembly: Fig.1 . UO2 and UO2-Gd2O3 bars with an overall average enrichment of 1.76% of 235 U (relative to the total U). Fuel rods with Gd admixture have an enrichment of 5.2% (in total) and 3.792% (relative to U).
The simulation was run simulating time intervals of 5 days of evolution of the nuclear reactor core until complete a full operation cycle of 400 days.
As is expected for an initial load without plutonium, the fission rates of 239 Pu and 241 Pu start at zero and rapidly grow to become comparable to those of the U isotopes within a few weeks of operation. A more realistic situation should consider that between two fuel reloads, there will always be some remnant of plutonium inside the reactor, because when this action is performed, only a fraction of the spent fuel is replaced by new material. 
IV. THE ANTINEUTRINO FLUX
The power output of a nuclear reactor originates from the energy released in the fission of heavy elements, such as uranium and plutonium, into lighter fission fragments which are often unstable. The beta decay, (A, Z) → (A, Z + 1) + e − +ν e , of the fission fragments produces a large number of electron antineutrinosν e which are emitted isotropically from the core. During the fuel "burning" process, uranium isotopes breed 239 Pu and 241 Pu. The latter may in addition to the 235 U undergo a fission process only with slow (thermal) neutrons, while 238 U is fissionable by fast neutrons only. The decay of 239 Pu produces substantially less antineutrinos than the decay of 235 U in the same energy range, therefore during a typical reactor fuel cycle, the amount of antineutrinos decreases as uranium content decreases and the concentration of plutonium increases.
Each fission releases on average ∼200 MeV of energy and produces ∼6ν e (∼ 3 beta decays per fission fragment), with energies below ∼10 MeV. This sets the number of antineutrinos emitted by a typical reactor to ∼ 2 × 10 20ν e /s per GWth of thermal power. The energy spectrum of the antineutrinos depends on the fuel composition at a given time ( 239 Pu antineutrinos are slightly less energetic than those of 235 U fission products). The production of reactor antineutrinos is not exclusively through beta decay of the fission fragments of the four main fissile isotopes ( 235 U, 238 U, 239 Pu and 241 Pu).The neutron capture in 238 U(n,γ) 239 U also generates this particles in a process that contributes about 17% of the total antineutrino flux. This process occurs when a nucleus of 238 U captures a neutron, leading to the following reaction:
238 U+n→ 239 U → 239 Np → 239 Pu, and produces two antineutrinos through two beta decays of 239 U. This process occurs at a rate of ∼0.6 per fission, and produces antineutrinos with energies below 1.3 MeV.
There is no established experimental method for measuring the flux of very low energy antineutrinos. For a technological application such as reactor monitoring, only antineutrinos with energies above the threshold of the Inverse Beta Decay (IBD) reaction on free protons (E ν >1.8 MeV) can be realistically considered. IBD interactions of neutrinos on free protons can be identified through the correlation of the prompt positron signal and a delayed neutron capture signal. In general, the spectrum of the antineutrinos from a nuclear reactor detected via IBD has a peak between 3.5 and 4 MeV. Since the number of emitted antineutrinos and their average energy depend on the amounts of 235 U, 238 U, 239 Pu and 241 Pu isotopes present in the core, the measured energy spectrum provides a direct image of the fuel composition of the reactor core at a given time.
Let us now consider the antineutrinos emitted by one of the reactors at the LVNPP. Ignoring the neutron capture contribution, the antineutrino flux Φ i above 1.8 MeV can be calculated from the fission rates f i (t), and the antineutrino energy spectrum S i (Eν) of each isotope i, where i = 1, 2, 3, 4 corresponds to each of the main fissile isotopes of the reactor core:
235 U, 238 U, 239 Pu and 241 Pu. Assuming neutrinos are emitted isotropically, using a sphere of radius R, the flux at a time t for each isotope i is calculated as:
with R the distance from the reactor core to the detector. In our calculation of the antineutrino flux, we have used the new predictions of the energy spectra including the effect of the reactor antineutrino anomaly, as reported by [13] , [14] and [15] . The antineutrino energy spectra S i (Eν) between 1.8 and 8 MeV are shown in Fig.  5 . For the purposes of reactor monitoring, the effect of this anomaly can be ignored as long as only comparisons between the relative changes of the spectrum throughout the reactor operation cycle are made. Two systematic uncertainties are associated with the calculation of the antineutrino flux: the error due to the energy spectra of antineutrinos δ(S(Eν)), and an error δ(P th ) associated with fluctuations in the thermal power of the reactor core, assumed to be 5% along one fuel cycle. The total error is the sum in quadrature of these uncertainties. The uncertainties in the antineutrino spectra are taken from Refs. [14] and [15] , and are of the order of 2-5% for the dominant parts of the spectra from 235 U, 239 Pu, and 239 Pu, and between 10-17% for the dominant part of the spectrum from 238 U. The total flux per reactor at day 200 from our calculation is compared in Fig. 7 to that obtained according to the parametrization suggested by Vogel and Engel [22] , setting the fission rates of the four main fissile isotopes to these output by the simulation (2. well within the assumed uncertainties.
Spent fuel is stored temporarily in a nearby place to the reactor core and has a very small contribution to the antineutrino flux below the IBD reaction threshold, and was not considered for the calculation in this work.
V. EVENT RATES
Although the IBD reaction has a very small cross section (∼10 −43 cm 2 ), the enormous flux emitted by a nuclear reactor allows the signal to be observed with a relatively small detector located a few tens of meters from the reactor core. The total IBD cross-section as a function of the neutrino energy is shown in Fig. 7 (right scale). Here we consider 1 ton of polyvinyl-toluene (PVT) plastic scintillator located at 100 m from each of the reactor cores, similar to the detector considered in [4] .
The number of IBD interactions associated with neutrinos from isotope i, emitted with energies between E min and E max , and occurring in a time interval ∆t (∆N ev(i) ) is calculated by integrating the product of the flux Φ i , the IBD cross section σ(Eν) [23] , and the number of targets (in this case free protons) N p , over the energy interval: 
Depending on the characteristics of the detector, only a fraction of these interactions will be observed. For a simple estimate, let this fraction be a uniform efficiency factor . For neutrinos coming from nuclear reactors, E min is the threshold of 1.8 MeV and E max is ∼ 10 MeV. The number of detected events for each isotope is then approximated by:
where ∆t is a small exposure time compared with the time scale in which fission rates f i (t) change appreciably. Calculation for longer times requires an integration over time.
Finally the total number of events is equal to the sum of the events for each isotope:
These are shown in Fig. 8 , considering three different detector efficiencies (5%, 20%, 30% and 100%) and counting for two consecutive days.
The authors of [4] estimate an antineutrino detection efficiency of 9.24% and an antineutrino event rate of 147 events/day in a 1 ton detector with an uncertainty of the order of 30%. This is consistent, within errors, with our expected rate of 280 events/day (stable after day 350), once scaling for reactor power, distance, and assuming the same efficiency. The authors measured a background   FIG. 8 . Number of events accumulated over 2 days of exposure along a complete cycle of 400 days at LVNPP with two reactors in 1 ton of plastic scintillator. Curves for detection efficiencies (lower to higher) of 5%, 20%, 30%, and 100% are shown of ∼365 events/day, operating a 360 kg detector with the reactor OFF for 21 days. Scaling to a 1 ton detector corresponds to ∼1013 events/day. Since our expected rate at LVNPP is 26 events/day at the location of 100 m from the reactor cores, a background measurement at the level of 0.5% (±5 events/day) would be necessary for a 5σ detection of the antineutrinos, comparing the ON/OFF event rates with a similar detector.
VI. CONCLUSIONS
We calculated the antineutrino flux produced by the reactors at the LVNPP in Mexico using the DRAGON simulation code in the energy range 1.8 MeV<E ν <8 MeV. The simulation provided the time evolution of the fission rates and hence the change of the flux along the 400 day long fuel cycle, starting with an initial load with no plutonium. A total systematic uncertainty on the flux ranging from 3.6% to 9.8%, depending on the antineutrino energy, was calculated assuming a 5% uncertainty on the reactor power, and the uncertainties reported for the antineutrino spectra of the dominant fissile isotopes ( [14] , [15] ).Our calculation agrees well with a frequently parametrization [22] when the fission rates output by the simulation of the LVNPP BWR reactors are used.
The simulation code required the knowledge of generic parameters of the BWR reactors, at LVNPP, available in the literature, and showed the fission rates to have a moderate dependence on variations of the coolant, moderator and fuel temperatures for a fixed thermal power.
A segmented plastic scintillator detector of the type considered in [4] located at 100 m from the two reactors could detect the neutrinos emitted, provided a background measurement with the reactors OFF is performed at the 0.5% level.
